A series of nitrogen-and phosphorus-containing pesticides (amines, anilides, carbamates, phosphonates, phenylureas, sulfonylureas, and triazines) was examined by thermospray (TSP) ionization. A method is described that employs off-line and on-line solid-phase extraction and TSP liquid chromatography-mass spectrometry (LC-MS)with time-scheduled selected ion monitoring (SIM) for environmental monitoring of these pesticides in aqueous samples. SIM detection limits for the pesticides analyzed in conjunction with reversed-phase high-performance liquid chromatography range from 40 to 600 pg. In addition, methods for inducing fragmentation in thermospray LC-MS are presented. The structural information gained therefrom can be used to confirm a tentative identification. Therefore, fragmentation pathways under certain experimental conditions were investigated. Atmospheric pressure chemical ionization, electrospray, fast-atom bombardment, 252Cf plasma desorption, and collision-activated dissociation spectra are presented for several pesticides to confirm the proposed pathways and to gain additional and complementary information. Further confirmation may be achieved by postcolumn addition of different alkylated amines to the carrier stream in the TSP operation to induce postcolumn on-line derivatization (POD) reactions in the condensed phase of the vaporizer probe with selected pesticides. Additional clustering reactions in combination with solvent-mediated chemical ionization are observed by the POD technique. Both processes can be used to enhance the structural information from TSP spectra and thus the specificity of the method. (J Am Soc Mass Spectrom 1994, 5, 655-675) Address reprint requests to Dietrich Volmer, Fraunhofer Institute of Toxicology and Aerosol Research, Nikolai-Fuchs-Strasse 1, 0-30625 Hannover, Germany.
T he National Survey of Pesticides in Ground Water [1] published by the U.S. Environmental Protection Agency (EPA) lists 126 polar compounds as potential groundwater contaminants. Although the EPA does not prescribe limit values for these compounds, the Commission of the European Communities (CEC) [2] has set maximum admissible concentrations for pesticides in drinking water (100 ng L-1 of an individual pesticide and 500 ng L-1 for the sum of all pesticides). For the verification of these limits, universal methods are required that allow the determination of as many as possible of the relevant agents, preferably within one common method.
Gas chromatography (GC) is the traditional method for the analysis of pesticides. The widespread use of GC mass spectrometry is due to the existence of reliable, specific, and sensitive methods for analyzing hundreds of organic compounds including many pesticides in several matrices. However, pesticides amen-able to GC are restricted to those with low polarity and sufficient volatility. Several techniques are available to convert at least a limited number of nonvolatile compounds to derivatives amenable to Gc. Searching for new derivatization procedures is not attractive because these methods are time-consuming and rarely can be incorporated into a universal method for a wide variety of pesticides from different compound classes.
Method development becomes more difficult if the analysis is extended to metabolites and other degradation products of pesticides. These compounds are often very polar. Thus even if the original pesticides can be analyzed by GC, the method often fails when applied to degradation products. Furthermore, the polar nature of most pesticides and their partial high water solubility explains why these compounds represent potential water pollutants. For such polar pesticides, liquid chromatographic methods can be applied successfully. Conventional detectors, such as UV or photodiode array detectors (DAD), can be used for an unambiguous identification of pesticides in environmental samples for certain compound classes, for example, nitrophenols [3] . Furthermore, N-methykarbamates can be J Am Soc Mass Speclrom 1994, 5, 655-675 analyzed by means of a specific postcolumn reaction system using a fluorescence detector [4] . However, in most instances these detectors do not provide sufficient structural information for metabolism studies, nontarget analysis, or even target analysis in environmental samples because the UV spectra of a given pesticide compound class are often almost identical, and differences between compound classes are frequently small. Furthermore, several pesticides have a low UV absorbance because they lack a strong chromophore. Hence a UV or DAD detector is not universally applicable. However, combined liquid chromatography-mass spectrometry (LC-MS) has demonstrated its potential for analyzing a broad spectrum of pesticides, including both typical "GC pesticides" and "high-performance liquid chromatography pesticides" [5, 6] .
Nowadays, thermospray (TSP) [5~15], particle-beam (PB) [16] , and, more recently, electrospray (ESI) and atmospheric pressure chemical ionization (APCl) [17, 18] are the most commonly used LC-MS interfaces for target and nontarget analysis of pesticides from various matrices. At present, TSP is most widely used because of its sensitivity as compared to PB and its compatibility with conventional high-performance liquid chromatography (HPLC) systems as compared to ESI. The lack of structural information obtained from TSP mass spectra can readily be overcome, for example, by variation of the gas-phase and vaporizer temperature to induce controlled chemical reactions during TSP vaporization and ionization [7] , the use of external ionization media and tandem mass spectrometry techniques [19] , repeller-induced fragmentation [20] , additional cluster ions formed with solvent or additive molecules, and by using the complementary information of positive and negative ion spectra [7, 14, 15] . These techniques provide adequate structural information for the identification and confirmation of pesticides in environmental samples [6, 14] .
In the present study, the mass spectrometric analysis of a series of N-substituted amine and anilide, carbamate and thiocarbamate, phenylurea, phosphate, phosphonate, sulfonylurea and thiourea, and triazine and other N-heterocyclic pesticides is reported. HPLC in conjunction with thermospray ionization was used for monitoring environmental samples. One aim of the present study is to extend the multiresidue method we reported previously [61, where mainly full-scan experiments were performed. Therefore, additional pesticides were included and time-scheduled selected ion 'monitoring (SIM) experiments were performed.
Furthermore, a variety of methods are proposed that enhance the structural information from TSP spectra. Thus, the TSP spectra of sulfonylureas, anilides, and N-substituted amines show abundant fragmentation, which is formed either by thermal degradation of the neutral molecule followed by ionization or by decomposition of the quasimolecular ion. Comparison of the TSP spectra with ESI, fast-atom bombardment (FAB), and 252Cf plasma desorption e S2 Cf-PD) spectra [and collision-activated dissociation (CAD) spectra of the quasimolecular ions] has been used for elucidating the degradation mechanism. The fragmentation level is lower with phenylureas, but a structural specific fragment also is observed that may be used to confirm a tentative identification based on the quasimolecular ion. APCI, ESI, and FAB spectra are again used to confirm the proposed pathways. Finally, for triazines and several N-heterocyclic compounds, which hardly show any fragmentation under TSP ionization, postcolumn addition of different alkylated amines to the carrier stream is applied to induce on-line derivatization reactions in the condensed phase of the vaporizer probe. Furthermore, by applying postcolumn on-line derivatization (POD), additional clustering and fragmentation reactions are observed for carbamates, phenylureas, and N-heterocyclic compounds in combination with solvent-mediated chemical ionization (Cl),
Experimental

Materials and Reagents
The pesticide standards used in this work were purchased from Riedel-de Haen (Seelze-Hannover, Germany) and Promochem (Wesel, Germany) and ranged in purity from 97 to 99.5%. Standards of the sulfonylurea herbicides were provided by E. I. du Pont de Nemours (Bad Homburg, Germany) and Ciba-Geigy (Frankfurt, Germany) except chlorosulfuron and rnetsulfuron-methyl (Riedel-de Haen). Methanol (HPLC grade, Riedel-de Haen) and purified water (Milli-Q water, Millipore, Bedford, MA) were used as solvents. Ammonium acetate was purchased from Aldrich (Steinheirn, Germany), and polyethylene glycol 300 and 400, the alkylated arnines, and caffeine were purchased from Fluka (Buchs, Switzerland).
Sample Preparation
The pesticides were extracted from water (l L, 10 mL min -1) by using solid-phase extraction cartridges filled with 3-g C-18 material (Amchro, Sulzbach-Taunus, Germany). Four 2-mL methanol washes carried the pesticides trapped on the cartridge to a sample vial. Thereafter, the volume was reduced to "" 500 poL by using a gentle stream of nitrogen. Finally, the internal standard (caffeine) was added and 50 poL of the extract was injected into the LC-MS system. Alternatively, direct on-line enrichment with subsequent desorption to the analytical column was performed with a selfconstructed on-line extraction apparatus. In these experiments, 50-200 mL of the water sample were passed through a 10-X 2-mm cartridge (Spark, The Netherlands) filled with -40-mg C-18 material (Amchro), Desorption to the analytical column is achieved via elution with the initial gradient composition after column switching with a pneumatic six-port valve (Valco, Houston, TX).
Liquid Chromatography
Details of the experimental setup are described elsewhere [7] . Briefly, a postcolumn technique was employed to enhance sensitivity and selectivity. The liquid chromatography (LC) system consisted of a Varian (Palo Alto, CA) Model 5000 gradient liquid chromatograph and a Shimadzu (Kyoto, Japan) Model LC-9A pump for the postcolumn addition of reagent solution. Narrow bore 3-mm columns with a column flow rate of 0.6 mL min -I were used. An additional flow rate of 0.4 mL min -I of a reagent solution was added postcolumn. The reagent solution consisted of 175-mM aqueous ammonium acetate or, in some instances, additional reagent additives. LiChrocart cartridge columns (125 X 3 mm i.d.) packed with 5-J.Lm LiChrospher 60 RP-select B from Merck (Darmstadt, Germany) were used. Separation was accomplished by using the following eluent composition: methanol: water = 20: 80 (v Iv) was programed to 95: 5 in 45 min. The final composition was held for 15 min. To keep the sulfonylureas, asulam, and bentazone in an undissociated form, they were separated with an acidified mobile phase. In this case, l00-mM acetic acid was used instead of pure water. A 7125 injection valve (Rheodyne, Cotati, CA) equipped with a 20-or 50-J.LL loop was used to introduce the samples. To avoid peak broadening of early eluting compounds it is recommended that the sample solutions be injected with a high water content (~80%).
Mass Spectrometry
Many details of the TSP LC-MS configuration and operation have been reported earlier [6, 7] . Briefly, a Finnigan-MAT 4500 mass spectrometer (Finnigan-MAT, San Jose, CA) was coupled with the LC system via a Vestee thermospray source (Houston, TX). The TSP temperatures were vaporizer control T 1 '" 135-150 DC, vaporizer Tv '" 190-220 DC, tip heater T 3 = 270°C, source jet (vapor) T g "" 230~240°C, and source T, = 250 "C. Discharge-assisted buffer ionization with ammonium acetate was used throughout all quantification experiments. The terms "thermospray ionization" and "solvent-mediated CI" are used as described by Niessen and Van der Greef [21] , that is, thermospray ionization refers to buffer ionization with a volatile salt and solvent-mediated CI refers to discharge ionization without buffer. In the present article both terms are also used to differentiate between the postcolumn ionization conditions obtained if either pure alkylated amines (solvent-mediated CI) or their corresponding acetates (discharge-assisted buffer ionization) are added to the carrier stream. The discharge-assisted buffer ionization spectra are consistent with those obtained under normal TSP ionization, although in some cases a somewhat higher fragmentation is observed (see examples in the following text), whereas discharge-assisted buffer ionization and solvent-mediated CI often exhibit very different spectra [6] .
Direct flow injection experiments were performed by using a final carrier stream of methanol: water = 50 :50 (vIv) and postcolumn addition of 70-mM ammonium acetate (the column and postcolumn flow rates are the same as those used for the HPLC separations). In several experiments, ammonium acetate is replaced by different organic modifiers that are added postcolumn and, again, with a concentration of 70 mM. The lower limit of the mass spectrometer scan range depends on the solvent cluster ion spectrum and thus the organic modifier used. Usually, the mass spectrometry was either scanned at a rate of 1 s per scan over the range mrz 120-450 (positive ions) and mlz 185-500 (negative ions) or time-scheduled selected ion monitoring (SIM) was performed.
Low energy tandem mass spectrometry experiments were carried out on a Finnigan-MAT TSQ 70 triplestage quadrupole mass spectrometer (Ql, Q2, Q3) equipped with a Finnigan-MAT thermospray source. Collision-activated dissociation (CAD) was achieved within the rf-only quadrupole, where a collision offset (COFF) of 20 V was applied to Q2. Argon was used as the collision gas with a collision cell pressure of 1.3 X 10-3 torr. Direct flow injection was used to introduce the samples into the mass spectrometer. The carrier stream consisted of methanol: water = 50: SO (v/v) containing SO-mM ammonium acetate. The aerosol temperature, T;, was kept at 240°C, while the vaporizer control temperature T~was varied between 70 and 95°C.
Fast-atom bombardment (FAB) spectra were recorded on a Finnigan-MAT 8430 double-focusing mass spectrometer. 3-Nitrobenzyl alcohol (NBA) was used as the matrix in most instances. If the samples were not soluble in NBA or chemical reactions with NBA occurred, a glycerol matrix was used: Sample concentrations of~500 ng per microliter of NBA were used. The samples were admitted by means of the standard direct-inlet probe carrying a stainless steel target. The scan speed was 3 s decade -I. Ions were produced by an 8-keV primary beam of xenon atoms, extracted and accelerated with an 8-kV potential. NBA exhibits intense matrix ions at mlz 136, 154, 176, 289, 307, and 329. 252Cf plasma desorption (252 Cf_PD) mass spectra were recorded on a Bion-Ion Nordic AS (Uppsala, Sweden) plasma desorption time-of-flight (TOF) mass spectrometry system using a Mylar" (Alexander Vacuum Research, Boston, MA) film as target. Approximately 5 J.LL of the sample solutions (concentratioñ 300 ng J.LL -I in methanol) were deposited on the Mylar foil. J Am Soc Mass Spectrom 1994, 5, 655~675 Electrospray and APCI experiments of phenylureas and sulfonylureas were performed on a Finnigan-MAT TSQ 700 mass spectrometer equipped with either an ESI or APCI source. With APCI, a vaporizer temperature of 400°C was used. The samples were introduced into the ESI and APCI source with a carrier flow rate of 300 fLL mln "! after separation on a minibore 125-x 2mm LiChrospher 100 RP-18 column (Merck). Solvents and gradient conditions were identical to those used in the TSP LC-MS investigation. Ammonium acetate was added to the carrier stream in some instances to enhance ionization (see text). The ESI spectra of the anilides were recorded on a triple-stage Perkin Elmer Sciex (Thornhill, Ontario, Canada) API III quadrupole mass spectrometer equipped with an electrospray source. Direct flow injection was used to introduce the samples into the carrier stream [methanol: water = 50:50 (vyv): flow rate 50 fLL mm t ' ] in these samples.
Results and Discussion
A series of nitrogen-and phosphorus-containing pesticides was investigated by positive-ion thermospray LC-MS, as summarized in Table 1 . The sulfonylureas and most of the phenylureas, the phosphonates, many carbamates, and certain amines cannot be analyzed by GC mass spectrometry because of their thermal instability and polarity. Therefore, these compounds were the preferred choice for LC-MS investigations. Other selected compounds lack a strong chromophore and thus cannot be detected at trace level with conventional LC UV detection. This is particularly the case for several amines and carbamates, for example, aldicarb, allidochlor, EPTC, mccarbam, methomvl, oxamyl, pebulate, propamocarb, thiofanox, thiodicarb, triallate, and vernolate, and the organophosphorous compounds investigated. Many typical "GC pesticides" are also amenable to TSP and HPLC. These compounds were also included to demonstrate the universality of the method.
Evaluation of the Method
We previously demonstrated the TSP LC-MS analysis of 95 pesticides using one common method with a single set of experimental parameters and full-scan mass spectrometry [6] . The former study showed that the reproducibility, linearity, and instrumental detection limits obtained were adequate for environmental monitoring of a broad spectrum of pesticides without necessitating the use of isotopically labeled internal standards.
Assuming a two-thousandfold concentration step via solid-phase extraction and an injection volume of 50 fLL into the LC system, a~5-10-ng amount has to be detected via TSP after LC separation to verify the CEC drinking water level (100 ng L-1). However, for several pesticides this criterion could not be achieved with full-scan analysis. In the present study the experiments were extended to time-scheduled SIM measurements to lower the detection limit of the method to the low parts-per-trillion range. In addition, new compounds are included in the list, for example, sulfonylureas and several thiocarbamates.
A typical TSP full-scan chromatogram of a standard solution of 27 carbamates and thiocarbamates is shown in Figure 1 (injected amount,~180 ng each). During all chromatographic experiments, caffeine was added as an internal standard.
A list of the retention times of 50 important pesticides is presented in Table 2 together with their ammonium acetate TSP quantitation ions, second most abundant fragment or cluster ions, and detection limits (LaD) obtained by time-scheduled SIM. Verification of the CEC limit concentration is quite possible for all investigated compounds under these conditions. Most of the pesticides can be detected down to the lower picogram range per compound injected into the column. This is demonstrated in Figure 2 , where the time-scheduled SIM trace for the injection of 100 pg of four phenylureas is shown ( Table 2 lists the corresponding quantitation ions). Similar detection limits also are observed for triazines and many carbamates.
In general, although sensitivities varied widely from compound to compound (Table 2) , positive-ion TSP analysis was more sensitive than negative-ion analysis, the results of which are not shown in this report. However, in some instances the combination of both ionization modes provides valuable additional structural information for the characterization of pesticides as previously reported for carbamates [7) .
Analysis of a River Water Extract
In this section, an example for the parts-per-trillion level determination and confirmation of several phenylureas from a spiked river water sample is shown. The unambiguous identification of phenylureas is more difficult than that of many other pesticides because they lack intense fragment ions in the "usual" TSP scan range of m/z 120-450. However, in the case of N,N-dimethylureas, such confirmation is possible by using the abundant fragment ion at m/z 46 to confirm the identification based on the quasimolecular ion (the origin of this ion is described in more detail below). This is demonstrated in Figure 3 , where the results of two TSP LC-MS separations of an extract of a water sample (river water) are shown. The original water sample was spiked with nine phenylureas at a concentration of 100 ng L~1 (CEC limit). Preconcentration was achieved via solid-phase extraction. Fifty microliters of the methanol extract were injected. The separation and mass spectrometry detection were per- Other chlorotriazines, such as cyanazine, propazine, sebutylazine, simazine, and terbutylazine, behave similarly. Table 3 summarizes these results for the chlorotriazines investigated as well as further results obtained with structurally different triazines, Obviously, a nucleophilic substitution of the chlorine atom takes place as is typical for 'IT-deficient heteroaromatics. These substitutions most probably occur as condensed-phase reactions in the vaporizer probe prior to ionization and most likely are assisted by heat and solvent, that is, the TSP interface is used as a flow reactor for the derivatization reactions. Structurally
are observed. The extent of substitution depends on the structure of the triazine and the nucleophilicity of the amine. Therefore, by adding dimethylamine, higher reaction yields are obtained (Table 3) The spectrum of anilazine shows POD product ions that are due to the substitution of both chlorines bound to the heterocyclic aromatic ring. As expected, the phenyl-bound chlorine is not substituted by the nucleophilic reagents. (Loss of this chlorine atom may be observed under certain experimental conditions. This loss is due to a radical reductive dechlorination prior to ionization. However, this reaction occurs with all reagent additives and is only induced by the CI plasma. For details, see below.) The signal at rn/z 256 in the spectrum of anilazine ( Figure 5a ) with ammonium acetate as the additive apparently corresponds to a POD product obtained by chlorine-ammonia substitution. Triazines and other N-heterocyclic compounds. Thermospray and solvent-mediated CI spectra of triazines, pyrimidines, triazoles, and many other compounds that contain an N-heterocyclic moiety are usually very simple and consist in general only of [MH]+ ions because of their high proton affinity in comparison to ammonia, methanol, or water. The lack of structurally significant fragments limits the specificity of analysis. Voyskner [11] demonstrated the usefulness of tandem mass spectrometry techniques in the analysis of chlorotriazines to overcome this problem. In this study we report an alternative approach to enhance structural information from chlorotriazine spectra by using postcolumn on-line derivatization (POD) reactions in the condensed phase of the vaporizer probe. These derivatizations are performed in combination with solventmediated chemical ionization via discharge ionization or normal TSP ionization. POD leads on the one hand to a chlorine substitution by the amine, and on the other hand to adduct ion formation. Both processes are useful to enhance structural information from TSP spectra and thus the selectivity of the method. The mechanism for the chlorine-hydrogen substitution in the POD spectrum of atrazine obtained with trimethylammonium acetate that leads to the ion at m rz 182 is not yet clear (Figure -k) . Furthermore, the sensitivity obtained with this reagent is not satisfactory for analytical purposes (Table 4) .
As expected, alkylthiotriazines and alkoxytriazines do not undergo nucleophilic substitution, as can be seen from Table 3 .
Although the reactions described strongly depend on the interface temperatures and therefore careful adjustment of the temperatures is necessary for reproducible results, the reactions can be induced over the entire operating range of the TSP interface, viz. Tv "" 160-230°C and T g "" 190-290 -c. However, isobaric and isomeric compounds, for example, propazine and terbutylazine could not be distinguished from their POD spectra. That is, tandem mass spectrometry should be applied in these cases [11] . CLUSTER ION FORMATION. In some instances, alkylammonium cluster ions of triazines are observed, especially if trimethylamine is added ( Figure 4 and Table  3 ). This is due to the higher proton affinity of the alkvlamines, PA(B), as compared to ammonia. Hence protonation of the triazines is less exothermic and attachment of the ionizing cluster ions becomes more favored. We have investigated the effect of the proton affinity on the ion abundance of several compounds in the range PA(B) = 853-942 k] mol "! by applying postcolumn addition of various alkylated amines. The reagents used are summarized in Table 4 . All proton affinities are from Lias and co-workers [22, 23] .
The TSP reagent ion spectra of the postcolumn mixtures under thermospray and discharge ionization are very simple and usually consist of only [amine' H]+, [amine' CH 30H· H]+, and [(amine)2' H]+ ions if pure amine is added, whereas the spectra of the corresponding acetates contain additional ions, which are due to clusters of these ions with acetic acid, Nalkylacetamlde, water, and methanol and mixtures of these ions, respectively.
The spectra of several N-heterocyclic compounds undergo a "transition" from the [MH] + ion to the [M' H· amine]" ion, if the PA is changed (the PA of these compounds are within the investigated range of PA(B) = 853-942 k] mol-1 ) . As an example, the effect of the proton affinity on the spectra of the triazinone pesticide metribuzine is summarized in Figure 6 , where the ratio of the ion current of the [MH]+ ion relative to the adduct ion [M· H· amine]", reM), is plotted against PA (r(M) is defined as described in [7] ). A strong shift to the [MH] I ion is observed with decreasing PA. Ionizing with ammonia usually leads to the regular TSP spectra of N-heterocyclic compounds, that is, only the [MH]+ ion is formed. The correlation is valid for both the pure alkylated amine and the alkylammoniurn acetate, that is, identical spectra are observed. These cluster ions may be of value in TSP 81M analysis of environmental samples, for example. In some instances, we observed a very noisy baseline for some ions during 81M experiments with ammoniwn acetate. Although the absolute ion itensities are not affected, the slgnal-to-nolse ratios are unsatisfactory in such instances. This behavior is due to either an interfering solvent cluster ion of high mass or, more probably, to a contamination of the source after repetitive injection of sample extracts. In such instances it is very useful to switch to an alternative ion of equal or comparable intensity for quantitation. This is especially important for pesticides with proton affinities in the range of ammonia, that is, for most carbamates, phenylureas, anilides, and organophosphorous com- Table 4 . bMass-to-charge ratio of the protonated precursor compound. the sensitivities obtained by adding different postcol-UIIUl mixtures with that obtained with ammonium acetate. Table 4 summarizes these results for the different ionization modes applied to the carbamate pirimicarb, which contains an N-heterocyclic moiety. Observe that only amines of lower molecular weight give satisfying results, which are comparable to ammonium acetate. In addition, solvent-mediated CI yields higher sensitivities than discharge-assisted buffer ionization. The relative sensitivities shown in Table 4 are typical for all investigated compounds.
Similar considerations hold for POD reactions, that is, only methylamine and dimethylamine should be used in analytical applications. Ionizing with a mixture of methylamine or dimethylamine and ammonium acetate is not advantageous: although the sensitivity is Siegmund for neburon [25] . Generally, isocyanates exhibit less intense proton adducts due to their low proton affinity. NH 3NH! adduct ions of isocyanates were also observed in the TSP spectra of carbamates, for example, in the case of desmedipham, where the ion at m/z 154 reported previously [6] probably corresponds to the NH 3NH! adduct ion of phenylisocyanate. Alternatively, the structure of the [isocyanate + NH 3NH 4]+ ion can be assigned to [RNHCONH z .
H . NH 3]+, which may be formed from the reaction between isocyanate and ammonia or ammoniumcontaining species in the reagent flow followed by ionization via ammonium attachment. However, the relative abundance of isocyanate-related ions in the spectra of N,N-dimethyl-phenylureas is rather low as compared to the quasimolecular ions and usually does not exceed 10%. Furthermore, in most cases the protonated amine formed is much more intense. Particularly the TSP spectra of N,N-dimethylphenylureas show ions due to protonated dimethylamine (m/z 46) with relative abundances up to 80%. Scheme I shows the different ionic species observed, where only the proton adducts of the decomposition products are represented. These ions are summarized in Table 5 for several phenylureas. (In addition, this table contains the results obtained by APeI, ESI, and FAB ionization as discussed below.) Although these ions are less specific, they can be used as confirmatory ions in combination with SIM, because no other intense fragment ions are available under normal operating conditions and no interfering signal is present in the reagent ion spectra of methanol-waterammonium acetate mixtures at m/z 46. An example for a confirmatory analysis of phenylureas in a real sample has already been shown in Figure 3 .
The amount of decomposition strongly depends on the temperature, both T g and Tv. As shown by Cairns and Siegmund [25] for neburon, this fragmentation is probably due to a decomposition of the neutral ureas in the vaporizer probe prior to ionization. Surprisingly, of the two possible products formed by this decomposition process, predominantly one product is observed as an ionized species under our experimental condi- enhanced and comparable to that achieved with pure ammonium acetate, the POD substitution of chlorotriazines is almost completely suppressed.
Finally, if unknown compounds in real samples are identified by normal TSP-MS in a first step, the additional cluster formation described above is useful to confirm this identification in a second step. 
/CH3
N N bCluster ion 1M' AJ+: A = NHt, NH 3NHt, or Na+ 'R=-CH 3 or -OCH 3 . dOischarge-assisted buffer ionization, not depend on Tv even at a very high vaporizer temperature (Tv = 250°C). This is in contrast to the results of Cairns and Siegmund [25] , who reported the abundant formation of cationized isocyanate. This divergence probably is due to the different design of the TSP interfaces. Further experiments with a Finnigan-MAT TSP source revealed a major abundance of the isocyanate in the TSP spectrum of diuron (m/z 205 and 222). Moreover, the ion abundance of diuron is strongly dependent on the vaporizer temperature with this source, indicating a decomposition prior to ionization (see Figure 7a for T{~70 and 95°C). Careful adjustment of the interface temperatures enables reproducible results and the thermally assisted degrada-tion can be used to generate structurally specific ions in the TSP spectrum. An interlaboratory comparative study of several carbamates and phenylureas with respect to ion formation and sensitivity obtained with different TSP interfaces of several manufacturers has been conducted under well defined comparative experimental conditions. Results of this study are now under development and will be presented in a subsequent article.
So far, we have assumed that phenylureas undergo thermal decomposition of the neutral molecule to form the isocyanate and the corresponding amine, which are protonated in a second step. To confirm this assumption, additional CAD experiments were performed with mfz~m/zF igure 7. Thermal degradation of phenylureas to their isoeyanates and variation of ion abundances in the TSP spectra of N,N-dimethylureas and N-methoxy-N-methylureas with vaporizer temperature. (a) Diuron and (b) monolinuron. Amount injected: 100 ng. diuron and monolinuron. The results of these measurements are summarized in Table 6 . CAD spectra of phenylureas already have been discussed by others [20, 25, 26] . However, the reported results are, in part, contradictory. Thus differences are observed as compared to the results of Niessen et al. [20] , who only reported m/« 72 (III) in the TSP MS/MS spectrum of diuron, whereas Cairns and Siegmund [25] observed abundant protonated amine (II) (35% relative abundance) in the CAD spectra of neburon, and McFadden and Lammert [26] found mlz 46 (50%) and m/z 72 (100%) in TSP CAD experiments with difenoxuron and isoproturon. Our CAD results are in agreement with the latter, as can be seen from Table 6 . The CAD spectra demonstrate, at least for diuron, that decomposition not only of the neutral molecule, but also the protonated molecule, may lead to the formation of I and II in the TSP source (apparently in the case of the Vestee source).
The TSP spectra of N-methyl-N-methoxy-phenylureas show only weak intensities of the corresponding amine at mrz 62 and of the isocyanate. Even an increase of To has only a slight effect on the fragment ion abundance (Figure 7b) . Generally, N-methyl-Nmethoxy-phenylureas are more stable and are even amenable to on-column injection GC analysis. Probably, the basicity of the N, N-dialkylated nitrogen atom is decreased by the additional oxygen atom in such a way that protonation most likely occurs at the phenylbound nitrogen of the urea function. Figure 8 Ions corresponding to structure III at mlz 72 or 88 are missing in the discharge-assisted buffer ionization spectra, although the fragment at m/ z 72 apparently has a low appearance energy [20] .
OTHER IONIZATION TECHNIQUES. With ESI and FAS ionization, the fragmentation is reversed with respect to the structure: the ions at m/z 46 and 62 are less intensive or even absent whereas species III (Scheme I) (20) .188 (15) .162(100).160 (10) .127(80) 183 (5) .148145).146110).128134),1261100). 119 (10) . 99 (20) .90 (5) .62 (10) . 60(5) 171(3). 154 (3) . 128(40). 126 (22) . 111 (2) . is favored at least for the N,N-dimethylureas (Table 5 ). This behavior is expected because less thermal stress occurs during ionization via ESI and FAB as compared to TSP. Surprisingly, this behavior is also observed with APC! by using ammonium acetate by applying the same gradient and buffer conditions as described for TSP operation (see Experimental section). Although ionization conditions are very similar to thermospray, no intense ions at mjz 46 and 62 are observed with APCI in contrast to TSP ionization. However, when using ESI and APCI, confirmation of N,N-dimethylphenylureas during chromatographic analysis is quite possible by using the ion at mjz 72 (species III). In the case of the Finnigan-MAT APC! and ESI source, the intensity of this ion can be strongly enhanced for all investigated N,N-dimethyl-phenylureas if a collision offset is applied to the built-in octopole rods. For example, if 30 V are applied, the intensity of mjz 72 amounts to 70-95% of the total ion current. Also under ESI and APC! conditions, N-methyl-Nmethoxy-phenylureas are more stable and show only low fragmentation. That is, the ion at mjz 88 (species III) is only formed with low abundances « 1%) similar to the ion mjz 62 in the TSP mode. AMINE CLUSTERS. The postcolumn addition of alkylated amines in the TSP mode, as described in the previous section, was successfully applied to several carbamates and phenylureas (an example is shown in the following section). In general, most carbamates and phenylureas investigated exhibit the [M' H . amine] + ion instead of the protonated or arnmonium-cationized molecule as base peaks because their proton affinities are lower than those of the amines (see previous section for details). In addition, phenylureas give POD reactions that enhance structural information. The formed in addition to the [M· H· amine]" ions, which r~present the base peak in each case. For example, diuron (M n = 232) exhibits these ions at mjz 306 (i-C 3H 7NH 2 , 70% relative abundance), mjz 334 (t-C 4H 9 NH 2 , 3%). mjz 362 (n-C SH l1NH 2 , 45%), and mjz 390 (n-C 6H 13 , 55%). The low reaction yield observed in the case of tert-butylamine is probably due to a steric hindrance.
Sulfonylureas. For the confirmation of sulfonylureas no special technique is necessary because these compounds usually exhibit a wide spectrum of intense fragments in the TSP mode, whereas the quasimolecular ion is of very low intensity or even absent [27] . This situation is most probably due to thermal degradation reactions in the vaporizer probe [21] . We have investigated eight sulfonylureas by various ionization techniques. All compounds exhibit thermal and mass spectrometric dissociation in the TSP mode. Generally, characteristic ions from both moieties of the sulfonylurea group R 1S0 199, 216, 233, 141, 167 , and 184 in the TSP spectrum. No ions corresponding to the intact molecule were observed. As expected, the APCI spectrum (plus ammonium acetate) of metsulfuron-methyl is consistent with the TSP results, although an abundant protonated molecule at mjz 381 was additionally observed (70% relative abundance). The ESI and FAB spectra of metsuifuron-methyl exhibit only quasimolecular ions. In addition to the protonated molecule (ESI, 50%; FAB, 30%) both spectra show abundant sodium-cationized ions at rnjz 404 (= [M + Na]": E5I, 100%; FAS, 55%) and 426 (= [M -H + 2Na] I ; ESI, 15%; FAB, 100%).
An example of the combined on-line trace enrichment and TSP LC-MS analysis of suifonylureas in aqueous samples is shown in Figure 9 . More details concerning the on-line solid-phase extraction technique are reported elsewhere [28] .
Amines, anilidee, and organophosphorous compounds
FRAGMENTATION. The TSP mass spectra of most of the investigated anilides and N-substituted amines ( Table 1) contain significantly more fragmentation than those of the phenylureas and triazines. This is demonstrated in Figure lOa butachlor and other anilides varies greatly with interface temperatures, as previously reported by us [7] for alachlor, especially for chloroacetic acid N-alkoxymethylanilides, (e.g., alachlor and butachlor), Such observations can be rationalized in terms of "chemical dissociation," where the analyte molecule degrades prior to ionization, probably induced by buffer salt, heat, or solvent followed by ionization of the degradation products, sometimes with successive fragmentations. This scenario is especially valid for alachlor and butachlor, where the discharge-assisted buffer ionization spectra mainly exhibit quasimolecular ions, that is, [MH]+ and [MH' NH 3]+ (m/z 270, 287, and 312, 329, respectively) for T g < 200 DC, whereas for T g > 250 DC the base peak at m/z 226 is due to a thermolysis reaction prior to ionization (Scheme 10. These particular ions do not occur in the corresponding FAB and 252 Cf plasma desorption spectra, nor do they appear in the electrospray or CAD spectra (Figure lOb-d) . The product ion spectrum of the precursor ion m/z 312 exhibits the ions at m/z 238 and 162. The ESI tandem mass spectrometry spectra of alachlor, dimethachlor, and metolachlor follow the same fragmentation mechanisms. (The corresponding ions are explained in the following text.) The described temperature dependence readily can be used for confirmation purposes.
Not all abundant ions in the TSP spectra are due to a thermal degradation of the neutral molecule followed by ionization. Comparison of the FAB, ESI, 252 Cf_PD, and, in particular, the CAD spectrum of the quasimolecular ion reveals that the protonated molecule also degrades to give abundant fragments. Thus initial protonation at the ether oxygen atom with neutral loss of alcohol produces resonance-stabilized carbenium-imminium ions [alachlor and butachlor: mr z 238 (see Scheme 11); dimethachlor: m/z 224; metolachlor: m/z 252 and 238 (loss of dimethylether)].
In a second step, these ions probably undergo further loss of neutral ketene to give a second carbenium-imminium ion in the FAB, TSP, and 252Cf_PD as well as in the CAD spectra of the [MH] + ion (ESI MS/MS: m/z 162 for alachlor and butachlor; refer to Scheme II; m/z 148 for dimethachlor and m/z 176 for metolachlor), whereas this fragmentation is not observed in the ESI spectra. Smaller alkyl substituents between the nitrogen and the ether oxygen atom seem to enhance the primary fragmentation from the molecular ion: whereas fragments from the molecular ion corresponding to the loss of alcohol are absent in the TSP spectra of dimethachlor and metolachlor, they are also less intense in the corresponding ESI, FAB, and 252 Cf_PD spectra ( Table 7 ). The formation of the secondary and tertiary carbenium-imminium ions is probably not fa- vored because an additional 1,2-hydrid shift is necessary. This mechanism is also operative for structurally different anilides. For example, the TSP spectra of metazachlor exhibit an ion at rn/z 210 that is probably due to a neutral loss of pyrazole after protonation at N~1 of the pyrazole moiety. Table 7 ). This substitution reaction is not observed in the buffer ionization mode [7] or via ESI, FAB, and 252Cf_PD ionization. This reaction probably is due to a reductive dehalogenation involving replacement of a halogen atom by a hydrogen atom. The reaction also occurs with other compound classes such as chlorotriazines and phenylureas as already shown in Figures 4 and 5.
As an example, the comparison of discharge-assisted buffer ionization and TSP mode is demonstrated in Figure 11 , where the spectra of diuron are shown with either discharge-on or discharge-off operation but otherwise identical experimental conditions. Generally, the amount of dechlorination is higher for aliphatic-bound chlorines, for example, higher for chloroanilides (dechlorination ranges from 10 to 50%) than for chlorine atoms bound to an aromatic ring (1-10%), These reductive dehalogenations probably take place via a radical reaction prior to ionization [29, 30] induced by radicals that are formed from the plasma generated in a CI source (refer to Figure 11 ). In the case of disubstituted and trisubstituted compounds, for example, for the trichlorinated aliphatic organophosphorous pesticides butonate and trichlorfon and the dichlorinated pesticide dichlorovos, all chlorine atoms are replaced successively under discharge-assisted buffer ionization (the spectra are not shown in this report), that is, [M -xCI + (x + l)H]+ ions (x = 1, 2, and 3) are observed with relative abundances of up to 50%, whereas in the TSP mode, again, no reductive dechlorination was observed [7] .
It is interesting that in the case of anilazine, which contains three chlorines, abundant signals corresponding to dechlorination are observed only for two chlorines in the discharge-assisted TSP spectra, whereas the [M. -3Cl + 4H]+ (M. substitution product obtained by POD) ion abundance is very low. Apparently, both chlorines that are bound to the Nheterocyclic moiety are replaced favorably ( Figure 5 ). However, diuron exhibits replacement of both phenylbound halogen atoms ( Figure 11 ).
This behavior corresponds to findings of other authors, who report dehalogenations under CI conditions, for example, dechlorination reactions in the case of phenylureas [20] . Dehalogenations also reportedly occur as FAB-induced substitutions in the condensed phase via a free radical mechanism that precedes the ionization process, for example, with nucleosides [31, 32] and antibiotics [33] . Similar dehalogenations also are observed during 252Cf plasma desorption and FAB ionization of 5-halouracils and thyroxine [34] .
Conclusions
The purpose of the present work was to evaluate methods used for determination and confirmation of nitrogen-and phosphorus-containing pesticides by TSP LC-MS. After solid-phase extraction of aqueous water samples, pesticide residues readily can be identified, confirmed, and quantified at a concentration level of < 100 ng L -] (which corresponds to the CEC drinking water limit). This level is achieved using gradient elution LC with time-scheduled SIM detection.
It has been shown that, through the combined use of several experimental parameters, both cationized molecules for molecular weight information and abundant fragment ions for structural confirmation from the TSP spectra can be obtained for the majority of the investigated pesticides. These parameters include a variation of the source and vaporizer temperature to induce thermal degradation and the use of different organic modifiers added postcolumn to the mobile phase. Thus, postcolumn on-line derivatization (POD) was achieved by adding different alkylated amines with varying proton affinities and nucleophilicities. In the case of chlorotriazines and several other N-heteracyclic compounds, this on-line derivatization led to chlorine substitution and amine adduct ion formation. Both processes can be used to enhance structural information and thus the specificity of the method. It is demonstrated for carbamates, phenylureas, and Nheterocyclic compounds that the proton affinity has a It has been demonstrated that the combination of different mass spectrometry ionization techniques such as APCI, CAD, 252 Cf_PD, ESI, FAB, and TSP is useful for the elucidation of fragmentation mechanisms in TSP mass spectra. These techniques were applied to the analysis of phenylureas and anilides. The fragmentation and degradation reactions studied include reductive dehalogenations, nucleophilic substitutions, and thermal decompositions. The information obtained from this comparative study should facilitate the identification, quantification, and confirmation of pesticide residues in complex aqueous matrices by TSP LC-MS.
